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INTRODUCTION 

The  Naval  Ship  Engineering  Center  (itAVSEC),  Washington,  DC,  is 
presently  conducting  a program  to  evaluate  marine  gas  turbine  inlet 
separator  systems.  These  systems  are  of  the  types  used  on  the  new 
classes  of  ships  entering  the  fleet  such  as  the  DD-963  (Spruance), 

FFG-7  (O.H,  Perry)  and  the  PHM-1  (Pegasus).  The  Naval  Air  Propulsion 
Test  Center  (NAPTC),  Trenton,  NJ,  is  involved  in  a test  program  to 
evaluate  such  systems  by  the  simulation  of  a controlled  marine  air 
environment.  As  a supplement  to  this  evaluation,  NAPTC  was  tasked  to 
investigate  the  marine  icing  environment,  define  the  icing  conditions 
and  make  recommendations  regarding  the  alleviation  of  its  effects  on 
inlet  separators. 

The  project  was  authorized  under  Task  D of  NAVSEC  Work  Task  As- 
signment No.  6IU6-2,  Revision  B,  of  I6  September  1975  (included  as 
Appendix  A ) . 

An  interim  report  was  sent  to  NAVSEC  on  I6  March  1976  and  is  in- 
cluded as  Appendix  B. 

This  report  presents  the  final  results  of  the  investigation  and 
the  NAPTC  recommendations  for  dealing  with  the  possibility  of  icing 
of  marine  aerosol  separators. 

CONCLUSIONS 

1.  Icing  on  ships  is  caused  chiefly  by  spray,  either  wind  or  ship 
generated,  or  a combination  of  the  two.  It  is  this  type  of  icing  that 
will  have  the  most  detrimental  effect  on  marine  gas  turbine  inlets. 

Thus,  it  is  the  primary  type  of  icing  against  which  the  inlets  must  be 
protected. 

2.  Supercooled  fog,  previously  assumed  to  be  the  most  probable  cause 
of  intake  icing,  is  relatively  non-existent  over  the  open  ocean. 

3.  Supercooled  fog  could  be  encountered  close  to  a cold  land  mass; 
however,  no  record  of  intake  icing  under  these  conditions  was  found. 

4.  No  record  was  found  of  condensate  icing  of  ship  engine  inlet  bell- 
mouths  or  Foreign  Object  Damage  (FOD)  screens,  although  theoretically 
it  could  occur.  However,  past  experience  with  screens  in  aircraft  gas 
txirbine  inlets  has  shown  they  rapidly  collect  ice,  and  they  are  no  longer 
used. 

5.  There  are  basically  two  types  of  ice  that  are  fovind  on  ships;  rime 
and  glaze.  Of  the  two,  glaze  ice  is  the  most  dangerous  because  of  its 
greater  density  and  high  adhesive  strength. 

6.  A range  of  hydrometeorological  conditions  necessary  for  icing  can 
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be  found  by  taking  the  extremes  of  the  conditions  that  existed  when 
icing  was  reported. 

7.  The  frequency-of-occurrence  of  hydrometeorological  conditions  in 
the  North  Atlantic  Basin,  capable  of  causing  icing,  is  highest  during 
the  months  of  November  thru  March,  inclusive. 

8.  The  month  of  January  has  the  highest  frequency-of-occurrence  and 
largest  area  coverage  over  which  icing  could  occvir. 

9.  The  frequency-of-occurrence  of  icing  conditions  is  high  enough  in 
the  North  Atlantic  that  a ship  operating  in  this  region  will  encounter 
such  conditions  sometime  during  its  lifetime. 

10.  The  farthest  distance  from  a land  mass  over  which  sub- freezing  tem- 
peratures occur  is  approximately  1,300  kilometers  '308  miles). 

11.  Due  to  the  relative  scarcity  of  information  on  the  physical  makeup 
of  icing  conditions  of  ships,  as  compared  to  aircraft  icing  where  liquid 
water  content,  droplet  size  distribution  and  length  of  time  of  icing 
conditions  are  known,  more  research  is  needed  in  this  area. 

RECOMMENDATIONS 

1.  Marine  gas  turbine  inlets  should  be  designed  with  consideration 
towards  incorporating  some  means  to  combat  icing. 

2.  A system  should  be  incorporated  to  either  anti- ice  or  de-ice  the 
engine  inlet  bellmouth  and  screen.  This  system  should  only  be  needed  when 
the  possibility  of  condensate  icing  exists. 

3.  De-icing  or  anti- icing  systems  shoxild  be  capable  of  providing  pro- 
tection down  to  an  ambient  air  temperature  of  -15°C  (5°F). 

4.  Engine  Intakes  and  demister  systems  should  be  sited  in  a protected 
area  on  the  superstructure.  The  most  preferable  position  is  facing  in- 
board and  as  high  as  possible.  This  would  have  the  additional  benefit 
of  protection  against  salt  ingestion  under  non- icing  conditions. 

5.  Blow- in  doors  or  some  alternate  air  source  which  by-passes  the 
demisters  sho\ild  be  incorporated  as  a precautionary  measure.  These 
doors  should  include  provisions  for  keeping  them  free  of  ice  and  be 
capable  of  handling  the  necessary  engine  airflow.  The  blow- in  doors 
can  be  actuated  either  automatically  by  sensing  the  pressure  drop  across 
the  demister  or  manually  by  alerting  the  ship's  crew  when  pressure  drop 
becomes  excessive. 

6.  Because  of  the  relative  scarcity  of  information  on  intake  icing, 
at-sea  testing  should  be  conducted  to  verify  the  performance  of  the 
ship's  intedce  system  under  actual  icing  conditions.  This  evaluation 
could  be  conducted  during  a ship's  cold-weather  trials. 
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SUMMARY 

A study  was  conducted  at  NAPTC  to  determine  the  hydrometeorological 
conditions  likely  to  cause  icing  of  ships'  intake  systems.  This  study 
was  primarily  conducted  through  a literature  search  using  the  resources 
of  the  Defense  Documentation  Center,  Cameron  Station,  Alexandria,  VA, 
and  reports  obtained  from  the  Naval  Ship  Engineering  Center,  Philadelphia 
Division,  Philadelphia,  PA  (KAVSECPHILADIV);  the  Naval  Weather  Service 
Detachment  (NWSD),  Asheville,  NC;  other  government  agencies  U.S.  and 
foreign;  and  private  contractors.  Due  to  the  relative  scarcity  of  in- 
formation regarding  icing  of  ships'  intake  systems,  much  reliance  was 
based  on  information  regarding  icing  of  other  ships'  structures.  It  was 
assumed  that  the  causes  of  icing  on  the  ships'  superstructure  would  be 
equally  applicable  to  the  separators. 

In  addition  to  the  literature  search,  a frequer ’:;y-of-occurrence 
study  was  made  by  NWSD  for  the  North  Atlantic  Ocean.  This  area  was 
selected  for  the  study  primarily  because  it  provided  the  most  complete 
hydrometeorological  data  base  of  the  world's  oceans  due  to  the  large 
amount  of  shipping  that  takes  place  through  this  region.  The  study 
used  a range  of  parameters  obtained  from  the  literatiire  search.  The 
parameters  used  were  air  temperature,  sea  temperature,  wind  speed  and 
sea  state  (wave  height). 

DISCUSSION 

A.  Supercooled  Fog 

Icing  due  to  supercooled  fog,  the  most  prevalent  cause  of  aircraft 
icing,  is  relatively  non-existent  on  ships.  Supercooled  fog  over  the 
ocean  is  confined  to  the  areas  north  of  60°N  latitude  and  south  of  60°S 
latitude.  The  period  most  likely  to  have  supercooled  fog  is  from  Nov- 
ember to  February,  inclusive,  with  December  having  the  highest  proba- 
bility. During  this  four- month  period,  supercooled  fog  can  be  expected 
to  occur  on  approximately  l4  to  18  non- consecutive  days  (Reference  1). 
These  probabilities  are  based  on  both  open  ocean  and  coastal  observa- 
tions. Inquiries  made  of  U.S.  Naval  and  private  vessels,  as  well  as  of 
vessels  operated  by  foreign  nations  that  frequent  this  area,  substantiate 
this  observation.  Ships  are  more  likely  to  encounter  supercooled  fog 
while  in  port  or  off  the  coast  of  a cold  land  mass  than  while  out  on 
the  high  seas.  This  is  due  to  the  interaction  of  the  sea- land  inter- 
face where  the  coldest  extremes  of  sea  and  air  temperatures  are  found. 

Supercooled  fog  is  also  known  as  "artic  frost  smoke"  and  occurs 
when  the  air  is  below  0®C  and  the  difference  in  sea  and  air  tempera- 
tures is  at  least  9°C.  This  "frost  smoke"  is  ccilled  either  "white 
frost"  when  it  is  only  several  feet  thick  or  below  eye  level,  and 
"black  frost"  when  it  extends  above  this  (Reference  2).  It  is  inter- 
esting to  note  that  during  the  cold  weather  trials  of  the  British 
HMS  EXMOUTH,  very  bad  weather  was  encountered  and  "black  ice"  accximulated 
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on  the  ship’s  upper  superstructure,  but  the  intakes  stayed  free  of  ice 
(Reference  3)«  The  intakes  on  the  EXMOUTH  at  the  time  were  of  the  knit- 
mesh  type  made  of  woven  nylon  pads. 

Should  the  face  of  the  intake  demisters  experience  icing-over  due 
to  supercooled  fog,  and  this  would  seem  to  be  a rare  occurrence,  blow- 
in  doors  incorporated  into  the  design  wovild  suffice  xintil  the  demisters 
could  be  cleared  or  the  ship  is  out  of  the  icing  situation. 

B.  Condensate  Icing 

Condensate  icing  is  caused  by  the  appearance  of  free  water  in  the 
air  under  a high  humidity  condition  when  the  static  temperature  falls 
below  0°C.  This  phenomenon  is  quite  common  on  aircraft,  especially 
when  the  inlet  duct  is  of  considerable  length.  However,  the  usual 
ship  engine  installation  consists  of  £in  FDD  screen  followed  by  a 
bellmouth  intake  and  the  short  length  of  the  bellmouth  does  not  allow 
sufficient  time  for  the  water  vapor  to  condense  out  of  the  air  due 
to  an  apparent  lack  of  nucleation  sites  (Reference  4). 

Re  ce  5 mentions  that  the  Coast  Guard's  HAMILTON  class  cutters 
have  ons  to  drop  the  protective  screens  over  the  engine  intakes 

she  occiir,  but  have  had  no  such  experiences. 

.ough  reports  of  condensate  icing  on  ship  engine  intakes  have 
not  appeared  in  any  literature,  the  potential  for  its  occurrence  is 
still  there.  If,  for  example,  the  engine  intake  design  was  such  that 
length  of  the  bellmouth  was  enough  to  allow  free  water  to  condense, 
then  either  an  anti-icing  or  de-icing  system  should  be  installed  on 
the  engine. 

C . Hydrometeorological  Conditions 

Table  1 (below)  is  a compilation  of  the  hydrometeorological  con- 
ditions conducive  to  icing  from  several  of  the  reports  reviewed.  These 
are  conditions  that  caused  icing  of  the  ships ' superstructures  from 
various  locations  aroiuid  the  globe. 

Since  difficulty  was  encountered  in  locating  literature  dealing 
with  icing  of  inlet  systems  on  ships,  much  reliance  had  to  be  made  on 
the  conditions  reported  to  cause  superstructure  icing. 

Taking  the  extremes  of  the  values  of  the  four  parameters  in  Table  1 
gives  a range  in  which  icing  can  be  expected  to  occur.  Within  this 
range,  there  are  three  general  categories  defining  the  rate  of  ice 
buildup:  slow,  rapid,  and  very  rapid  (Reference  6).  Slow  icing  usually 

appears  at  temperatiires  from  -1°C  to  -S^C  at  any  wind  velocity.  From 
-3°C  to-8°C  air  temperattire  and  winds  up  to  15  m/sec,  rapid  icing  occurs. 
Very  rapid  icing  occurs  with  air  temperatures  below  -8°C  and  winds  above 
15  m/sec. 
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The  minimum  air  temperature  at  which  icing  can  occur  is  generally 
accepted  as  being  -18°C  due  to  the  fact  that  the  spray  droplets  freeze 
before  striking  the  ship  and  do  not  adhere  to  the  structure.  Ihis, 
however,  only  applies  to  wind- induced  spray  and  may  not  be  true  for  all 
of  the  spray  generated  by  the  mechanical  action  of  the  ship  on  the 
water  (References  2 and  ?)• 


Table  1 

HYKROMETEOROLOGICAL  CONDITIONS  CONDUCIVE  TO  ICING 


OAT 

SEA  TEMP 

WIND 

SEA* 

REFERENCE  # 

-1.5°C  to 
-17.7°C 

Slightly  «0®C 

9 m/sec 

- 

8 

Lower  Limit 
of  -18°C 

- 

- 

- 

9 

8®C  to  -2“ 

> 8 m/sec 

mm 

10 

-5.8®C  to 
-12.7°C 

2°C  to  -1.4®C 

9 m/sec  to 
15.5  m/sec 

■m 

-1°C  to 
-7.3“C 

2.4°C  to  -0.4®C 

9.7  ra/sec  to 
15.5  m/sec 

mi 

-1°C  to 
-14°C 

3°C  to  -1.8°C 

>9*3  m/sec 

- 

12 

-2®C  to 
-7  °C 

0°C  to  -2.5°C 

>4.4  m/sec 

1.2  m to 
2.4  m 

13 

-4®C  to 
-14“C 

2“C  to  -3°C 

>4.4  m/sec 

0.30  m to 
3.6  m 

* Wave  height 


D.  Naval  Weather  Service  Detachment  Study 

During  the  research,  it  became  clear  that  a more  in-depth  survey 
of  weather  conditions  conducive  to  icing  had  to  be  made. 

Accordingly,  the  NWSD  in  Asheville,  NC  was  asked  to  provide  both 
bi-variate  and  multi- variate  distributions  of  the  conditions  listed  in 
Table  2. 

NWSD  presented  the  data  by  subdividing  each  Marsden  Square  of  the 
Atlantic  basin,  north  of  the  30th  parallel,  into  four  5°  by  5®  sections. 
Figure  1 is  a Marsden  Square  map  showing  the  area  covered  by  the  study . 
This  map  is  used  to  show  meteorological  data  over  the  ocean  and  is  de- 
rived from  the  Mercator  map  projection.  Ihe  5°  subsquare  numbering  sys- 
tem is  shown  in  Figure  2. 
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Table  2 

CONDITIONS  FOR  PROBABILITY  STUDY 

1. 

Meteorological  Parameters 

Air  Temperature  ^0°C 

Sea  Temperature  S 5°C 

Wind  Speed  2Sl7  knots  (9 

Wave  Height  ^ 3 meters 

m/sec ) 

2. 

Area  to  be  covered  is  the  North  Atlantic  north 
of  the  30°  parallel  divided  into  5°  squares . 

3. 

Time  coverage  of  data  to  be  at  least  the  past 
10  years. 

4. 

Output  format  to  be  for  all  12  months. 

Within  each  of  these  sub- squares  is  presented  a breakdown  of  the 
frequency-of-occurrence  of  various  combinations  of  wind  speed  and  air 
temperature  (see  Figure  3)»  This  percentage  frequency  is  based  on  a 
total  observation  number  (n)  that  is  defined  as  the  observations  for 
which  there  was  both  a wind  speed  and  air  temperature  value  and  it  is 
unique  for  each  sub- square.  Each  page  represents  a summary  of  all  ob- 
servations for  -that  particular  month  and  Marsden  Square  over  the  ten- 
year  period  from  I96I  through  1970. 

Figures  3 and  4 show  typical  study  results  from  one  Marsden  Square. 
Figure  3 is  the  bi- variate  distribution  for  wind  speed  and  air  tempera- 
ture for  square  II6  and  its  four  sub- squares  for  the  month  of  March. 

A multi- variate  distribution  for  the  same  square  by  sub-square  and 
month  is  shown  in  Figure  4. 

In  analyzing  the  data,  the  effects  of  the  ice  pack  on  the  results 
should  be  considered.  Figure  5 shows  the  approximate  southern  limit 
of  both  the  pack  and  drift  ice  in  the  North  Atlantic.  These  effects 
are  discussed  in  Section  1. 


Frequency-Of-Occurrence 


It  is  important  to  make  the  distinction  between  the  frequency-of- 
occurrence  presented  in  the  NWSD  data  and  the  probability-of-occurrence. 
Probability-of-occurrence  is  an  extension  of  the  percentage  frequency- 
of- occui'rence  based  on  a larger  amount  of  data  that  is  continuous  in 
nature.  The  data  base  obtained  from  an  ocean  station  vessel  where 
weather  data  is  taken  at  least  hourly  and  with  consistent  methods  can 
give  this  continuous  nature.  Unfortunately,  this  cannot  be  said  of  the 
data  here  where  much  of  the  observations  are  reports  from  transient 
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vessels,  both  government  and  commercial,  and  were  not  taken  on  a reg- 
ular basis  or  with  consistent  methods  from  ship  to  ship.  Thus,  this 
data  can  give  only  an  approximate  idea  of  the  conditions  that  a ship 
will  be  exposed  to  while  passing  through  an  area. 

This  data  should  be  interpreted  to  say  that  the  conditions  during 
which  icing  could  occur  exist  a large  percentage  of  the  time,  not  that 
icing  will  occ^Ir.  This  concept  can  be  demonstrated  by  the  fact  that 
the  Canadian  fishing  fleet  operates  in  an  area  of  high  icing  condition 
occurrence,  but  only  a small  number  of  icing  incidents  are  reported  each 
year,  despite  a program  that  was  instituted  to  gather  information  on 
icing  incidents  (Reference  l4). 

F.  Bi- Variate  Distribution 


Because  of  the  large  amoimt  of  data  generated  in  this  survey,  it 
became  necessary  to  develop  criteria  to  reduce  uhe  amount  to  a manage- 
able size.  First,  all  data  output  that  did  not  have  percentage  fre- 
quencies at  air  temperatures  1°C  or  below  with  wind  speeds  higher  than 
5.7  m/sec  (11  knots)  were  separated  out.  This  data  was  further  re- 
duced by  summing  the  percentages  for  the  conditions  with  air  tempera- 
tiires  less  than  or  equal  to  1°C  and  wind  speeds  greater  than  03  equal 
to  5*7  m/sec  and  rejecting  those  with  siJms  less  than  five-percent. 

The  five-percent  cut-off  point  was  arbitrarily  chosen  as  a figure  tuat 
below  which  the  probability  of  enco3intering  such  a situation  was  min- 
imal. 

Appendix  C contains  12  frequency- of- occiorrence  maps  showing  the 
results  after  the  data  reduction  process.  The  large  block  numbers  are 
the  Marsden  Square  identification  numbers.  The  sub- squares  contain 
two  values,  the  upper  vailue  denoting  the  percentage  frequency-of- 
occurrence  and  the  lower  value  showing  the  total  number  of  observations 
for  the  period  of  record  taken  within  each  sub- square.  Any  total  ob- 
servation number  less  than  100  was  not  used  to  determine  occurrence 
because  it  was  felt  the  average  of  10  observations  per  month  was  not 
statistically  valid  to  characterize  the  entire  month. 

As  expected  when  looking  over  the  maps,  the  frequency-of-occurrence 
of  possible  icing  conditions  was  at  a maximiim  during  the  winter  months. 
From  November  through  December,  the  frequencies  increase  then  peak  in 
January  with  the  highest  values  and  the  most  extensive  area  coverage 
of  the  winter  icing  season.  February  marks  the  start  of  a downward 
trend  and  by  the  end  of  April,  the  frequencies-'^f-occurrence  are  con- 
fined to  the  extreme  northern  waters. 

Looking  at  the  map  for  January,  it  can  be  seen  that  icing  condi- 
tions can  extend  over  quite  a distance  from  the  nearby  land  masses. 

This  distance  of  approximately  1,300  kilometers  (808  miles)  is  influenced 
by  several  factors,  primarily,  however,  it  is  limited  by  the  temperature 
of  the  ocean.  Since  the  sea  acts  as  a large  heat  sink,  it  gradually 
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warms  the  air  passing  over  it  that  has  blown  out  over  the  ocean  from 
the  frigid  land  mass.  Reference  14  contains  meeui  sea  temperature  maps 
that  show  this  effect.  However,  working  against  this  is  the  large  ex- 
tent of  packed  ice  formed  outward  from  the  coasts  (see  Figure  5). 

This  large  area  of  frigid  mass  prevents  the  air  from  being  warmed  by 
the  open  ocean  and  also  provides  a maximum  temperature  differential 
between  the  air  and  the  sea.  As  stated  in  Section  A,  this  differential 
is  conducive  to  the  formation  of  supercooled  fog  and  white/black  frost 
so  well  known  to  trawlermen. 

G.  Multi-Variate  Distribution 

This  distribution  study  was  based  on  four  parameters  as  follows: 


Wind  Speed 

3S9  meters/second  (1?  knots) 

Air  Temperature 

^e°C  (32“F) 

Sea  Temperatixre 

!S5°C  (41°F) 

Wave  Height 

2^3  meters  (9.8  ft) 

As  expected,  because  of  the  necessity  of  having  all  four  parameters 
included  in  a single  weather  report,  the  total  number  of  observations 
was  smaller  and  not  as  extensive.  The  data  reduction  procedure  used 
was  basically  similar  to  that  for  the  bi-variate  distributions  and 
Appendix  D shows  the  resulting  frequency- of- occ\irrence  maps  produced. 

The  trend  for  these  conditions  naturally  follows  that  of  the  bi- 
variate distribution  with  the  peak  occurring  in  Jemuary  for  the  highest 
frequencies  and  largest  area  coverage.  The  major  difference  is  that 
values  are  not  as  high  for  each  sub- square  due  to  the  need  for  a 
simultaneous  occurrence  of  the  four  limits.  However,  these  values  may 
be  more  indicative  of  icing  conditions  as  most  icing  incidents  seem  to 
occur  during  low  air  temperatures,  high  winds  and  large  sea  states  (see 
Table  1,  Section  D). 

H.  Low  Air  Temperature  Design  Point 

After  study  of  the  results  presented  above,  it  was  concluded  that 
intake  icing  is  a problem  that  a naval  vessel  woiild  encounter  sometime 
during  its  life.  Subsequent  discussions  held  with  personnel  at  the 
Canadian  Naval  Engineering  Test  Establishment,  Montreal,  Quebec,  and 
the  National  Research  Council  of  Canada,  Ottawa,  Quebec,  support  this 
conclusion.  The  Canadian  National  Defence  Department  has  adopted  a 
policy  of  equipping  their  vessels  with  some  method  of  combating  ship's 
intake  icing.  NAPTC  agrees  with  this  policy  and  feels  that  the  incor- 
poration of  either  an  anti- icing  or  de-icing  system  be  considered  in 
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[•  naval  vessel  engine  intake  system  designs. 

i’ 

r. 

I One  of  the  most  important  parameters  in  this  design  consideration 

I is  the  lowest  air  temperature  that  a ship  could  encounter  during  nor- 

mal operation.  This  minimum  air  temperature  determines  the  maximum 
temperat\xre  rise  that  any  type  of  de-icing  or  anti-icing  system  has  to 
be  capable  of  supplying  to  remove  or  prevent  ice  formation  at  the  inlet. 

Consequently,  the  data  a/ailable  from  the  NWSD  bi-variate  distribu- 
tion study  was  manipulated  to  determine  the  frequencies- of- occurrence  j 

of  low  air  temperatures  by  bands.  These  bands  were  as  follows: 

1 

j 

1°C  to  -2°C  I 

-3°C  to  -6°C  I 

-7°C  to  -10°C  I 

-10°C  and  below  ] 


The  data  output  was  then  summed  in  each  temperature  band  ignoring  the 
wind  speed  categories  and  the  resvilts  plotted  on  maps  similar  to  the 
bi- variate  and  multi- variate  maps.  Appendix  E shows  these  results  for 
the  three  most  severe  months  of  December  through  February  in  each  tem- 
perature band.  The  niimber  entered  in  each  sub- square  is  the  percen- 
tage frequency- of- occurrence  for  the  temperature  span  shown  on  the 
figure.  Figure  11  of  Appendix  E for  the  temperatures  less  than  -lO^C 
for  January,  shows  that  the  maximum  frequencies  for  the  coastal  area 
around  Newfoundland  is  in  the  neighborhood  of  20-percent;  A minimum 
teitaperature  woTild  therefore  appear  to  be  -10°C.  However,  because 
of  the  nature  of  the  study  and  the  fact  that  it  takes  into  accovint 
temperatures  less  than  -10°C,  a safety  margin  of  -5°C  was  added  to 
bring  the  lowest  air  temperature  to  -15°C.  Reference  15  (pages  13^  - 
137)  recommends  a somewhat  lower  temperature,  but  this  is  only  for  the 
ship  in  an  open  port  situation.  It  is  therefore  recommended  that  -15°C 
be  used  for  design  purposes,  as  lower  temperatures  would  not  occur  fre- 
quently enough  to  cause  a problem  with  icing. 

I.  Types  of  Ice 

1.  Rime.  Rime  ice  can  be  identified  by  its  opaque  appearance, 
roughness  and  low  adhesive  strength.  It  is  caused  by  the  impactation 
of  small  supercooled  droplets  onto  the  ship's  structure.  The  super- 
cooled droplets  can  be  generated  by  wind-  or  ship- induced  spray.  The 
most  important  consideration  here  is  that  the  residence  time  of  the 
droplet  in  the  cold  air  mass  is  sufficient  to  cool  the  drops  below 
freezing  but  not  freeze  them.  When  the  droplets  in5>act  on  the  struc- 
ture, they  freeze  instantly  which  causes  air  to  be  trapped  in  the  ice 
accounting  for  the  opaque  and  rough  siirface.  Fortunately,  this  also 
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gives  it  its  low  adhesive  strength  and  the  ice  can  easily  be  removed 
by  one's  hand  or  by  a brush  passed  over  the  surface,  as  long  as  it 
does  not  build  up  too  heavily.  Waves  hitting  the  ice  will  also  wash 
it  overboard.  Rime  ice  will  form  anywhere  on  the  ship  but,  because 
the  smaller  droplets  are  carried  by  the  wind,  seems  to  be  more  pre- 
valent on  the  upper  structure.  Rime  ice  can  be  expected  to  occur  at 
any  temperature  in  the  icing  range. 

2.  Glaze.  Glaze  ice,  like  its  name  implies,  is  characterized  by 
its  smooth,  transparent  appearance  and  high  adhesive  strength.  Glaze 
ice  will  generally  be  fotind  whenever  there  are  large  amounts  of  water 
either  in  the  form  of  "green"  water  or  large  drops.  The  glazed  ap- 
pearance comes  from  the  relatively  slow  freezing  of  the  large  super- 
coded  droplet  which  spreads  after  impact  and  combines  with  the  other 
drops  to  give  a smooth,  clear  sheet.  The  large  drops  come  chiefly 
from  the  spray  generated  by  the  vessel's  passage  through  the  water  but 
heavy  seas  and  high  winds  can  produce  the  same  situation.  The  high 
adhesive  strength  comes  from  the  fact  that  when  the  droplet  freezes  on 
the  structure,  the  water  expands  into  the  pores  of  the  surface  material 
and  creates  large  mechanical  forces  (Reference  16).  This  aspect  makes 
glaze  ice  the  most  dangerous  form  of  icing  on  ships  because  the  ice  is 
very  dense  and  difficult  to  remove  by  any  means. 

The  locations  most  susceptible  to  glaze  ice  with  respect  to  the 
engine  intakes  are  inlet  louvers  that  have  been  located  outboard  on  the 
ship . 


Glaze  ice  usually  occurs  when  the  air  temperature  is  just  be- 
low CC. 

J.  Intake  Protection 

The  most  important  concept  to  keep  in  mind  is  that  the  intakes  have 
to  be  sheltered  as  much  as  possible  to  eliminate  the  icing  hazard. 

Since  any  icing  that  will  occur  will  most  likely  come  from  spray,  sim- 
ply moving  the  inlets  as  far  away  as  possible  from  the  source  of  the 
spray  could  cut  down  the  amount  of  water  impinging  on  the  inlet  by  an 
estimated  75%.  Doing  this  could  negate  the  need  for  anti- icing  systems 
as  suggested  in  Reference  7 with  their  associated  expense  and  develop- 
ment time. 

Ai.other  method  of  reducing  spray  on  the  inlets  is  suggested  in 
Reference  5.  This  entails  positioning  the  inlets  facing  inboard  oppo- 
site each  other  abaft  of  a portion  of  superstructure  or  facing  aft  just 
forward  of  the  superstructure. 

No  matter  where  the  inlet  is  positioned,  the  system  should  incor- 
porate some  type  of  alternate  air  source  which  bypasses  the  demister. 

The  simplest  means  of  accomplishing  this  would  be  through  the  use  of 
blow- in  doors.  These  blow-in  doors  must  have  de-icing  or  anti- icing 
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capability  to  prevent  ice  buildup  that  would  hinder  their  operation. 
This  capability  could  be  provided  by  heating  strips  around  the  door's 
f Iges.  Since  icing  generally  occurs  during  foul  weather  when  a ship 
would  need  full  engine  power  to  maintain  steerage  way,  the  alternate 
air  source  has  to  be  capable  of  handling  the  engine's  maximum  airflow. 
The  actuation  of  the  blow- in  doors  can  be  either  automatic  through  a 
pressure  drop  sensor,  or  meuiual  by  a warning  given  to  the  ship's  crew 
to  open  the  doors. 


FIGURE  1:  AREA  COVERAGE  OF  NWSD  STUDY 


THESE  TABLES  SHnw  THE  BlVARlAtS  0ISTRt8UTICN  OF  THE  OCCURENCE  OF  WIMP  SPPED  VS  TEHPEHATURc 
IN  HECREES  fEl.SIUS.  fHE  TABLES  ARE  POR  HDNTH  COVERInC  THE  PERIOD  JAIi  1961  THROUGH  DEC  1970. 
THE  0AT4  ARE  TAKEN  PRON  THE  U'.S,  NAVY  N.  ATLANTIC  ATLAS  TAPeS  AND  ARE  PKESENTED  BY  5 DEGREE 
M4RSDEN  SMB5liU4»FS  (S5)  FOR  THE  AREA  NtRTH  OF  30  rtEGREE  N.  LATITUDE.  TABOlAH  VALUES  ARE  PER' 
CEfiTACE  FREQUENCIES. 


FIGURE  U:  TYPICAL  OOTHJT  PAGE  TOR  MULTI- VARIATE  DISTRIBUTION 
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FIGURE  5:  APPROXIMATE  MAXIMUM  EXTErJT  OF  PACK  AND  DRIFT  ICE 
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NAVAL  SHIP  ENGINEERING  CENTER 
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< Subji  Marine  Caa  Turbine  Separator  and  Antl-Ioe  Prograsi 

' plfi  (a)  NAVSEC  Itr  6I46/PFH  9413  Ser  680  dtd  24  Oot  1974 
(b)  NAVSEC  Itr  6146/PFH  9415  Ser  82  dtd  10  Mar  1975 
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1.  IholoBure  (l)  revises  the  task  assignment,  under  the  Marine  Gas 
Turbine  Inlet  Separation  program  defined  in  reference  (aj  as 
codified  by  reference  (b).  The  enclosure  also  defines  the  anti-ice 
svatam  work  required  to  support  the  overall  l'!arlne  Gas  ^bins  pilet 
Svsten  Program.  It  should  be  noted  that  this  document  is  intended 
to  appoint  a single  organization  responsibility  of  each  subtasE, 
where  two  organizations -are  appointed-to  a task  the  first  one  is  lead. 


A- 2 


• $ 


AA I OK- SAIOMAUJ  9M 


< T/,«  ASSlG\V£.'lT  (WTAl 

. .sicaaco/iuifct.  tMnsHEtT;i  coNrirJUATiON surET  NAPTC-ro-H^ 


PTYPE  ' 

All 

OEStG^i  r-MAS£" 

••■r*>4TLe 

2.  WTA  NO. 

3.  REV. 

Czo  furbine 

Inlet  Separator and 

Anti-Ice  Systems  Program 

6146-2 

3 

4.  IJAVSEC  shall  comnent  to  NAPTC  within  2 v;eeks. 

5.  liAPTC  is  responsible  for  obtaining  test  specimens. 

6.  liAPTC  shall  install  the  test  specimens  in  the  test  rig  and  conduct  the 
.ests  per  plan. 

7.  NAVSECPHILADIV  shall  monitor  the  tests,  and  suggest  modifications  to 
he  test  as  dictated  by  results.  Any  major  redirection  shovild  be  cleared  with 
;A7SSC. 


8.  liAPTO  shall  reduce  and  analyze  the  date^  and  report  tests  results  within 
.1  weeks  of  test  completion. 

9.  KAVSECPHILADIV  shall  analyze  the  data  and  comment  on  results  to  IJAVSEC 
foun  weeks  after  completion  of  test. 

10.  "APTC  shall  report  test  progress  semiformally  on  a weekly  basis. 

..'APTC  shall  report  significant  events  as  they  happen. 

__Task  C develop  Senarator  Element  Handbook;  NAVSEC  will  compile  the  existing  data 
'ious  single  stage  separators  to  provide  design  information  for  multi-stage 

-1-.-  to  meet  specific  envii-oamentai  requirements. 

Task  D Develocment  of  Anti-Ice  S^rstemst  The  objective  of  this  task  is  to  define 
cing  conditions  and  evaluate  methods  of  releaving  them.  This  task  is  not  limited  to 
eparators  only-  inlet  silencers  and  engine  bellcouths  must  be  considered  as  well. 

1.  NAVSEC  will  task  NAPTC  to  investigate  icing  conditions  and  recommend 
-.ethods  of  evaluating  anti-ice  systems. 

2.  NAPTC  will  investigate  icing  conditions  and  report  the  conditions 

■,as  turbine  inlet  systems  must  be  protected  against.  The  report  shall  list  all  data 
sources. 


3.  NAVSEC  and  NAVSEC PHILADP/  shall  comment  on  the  report  generated  in 
"ub-task  D~2, 

4.  NAPTC  shall  develop  a test  plan  to  evaluate  various  methods  of  releaving 
Icing  conditions.  This  plan  shall  list  methods  to  be  tested,  conditions  each  method  is 
.0  be  tested  for,  instrumentation,  data  to  be  recorded,  and  data  reduction  methods. 

5.  NAVSEC  & NAV3ECPH1LADIV  shall  comment  on  Test  Plan. 

6.  NAPTC  shall  procure  all  test  hardware  and  make  all  pretest  preparations. 

7.  NAPTC  shall  conduct  the  test  according  to  plan.  All  significant  deviations 
fr-cn  the  test  plan  should  be  approved  by  NAVSEC. 

WTA  NO  6L46:c2_page  J! _0r 8_p/^qcs 
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1 6 MA.R  1976  j 

From:  Commanding  Officer,  Naval  Air  Propulsion  Test  Center  j 

To;  Commander,  Naval  Ship  Engineering  Center,  Center  Building,  | 

Prince  George's  Center,  Hyattsville,  MD  20782  (Mr.  P.  Hawkins/  j 

NAVSEC  Code  6l46)  1 

I 

Subj:  Marine  Gas  Turbine  Icing  Study,  Interim  Report;  submission  of  j 

Ref;  (a)  NAVSEC  Work  Task  Assignment  (WTA)  6l46-2  Rev.  B of  l6  Sep  1975  j 

Enel:  (1)  Interim  Report,  Marine  Gas  Turbine  Icing  Study 

1.  As  described  by  Task  D of  reference  (a),  the  enclosed  data  are 
forwarded  as  an  interim  report  of  a Marine  Gas  Turbine  Icing  Study 
presently  underway  at  the  Naval  Air  Propxilsion  Test  Center. 

2.  Subsequent  to  further  analyses,  formal  conclusions,  recommendations 
and  test  program  requirements  will  be  submitted  in  compliance  with  task 
requirements . 

R.K.8RUMVlEUi 
By  direction 

Copy  to:  ! 

NAVSECPHILADIV  (Code  673^) 
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Available  literature  researched  to  date  indicates  that  icing  of  MGT 
demisters  will  be  caused  chiefly  by  spray.  This  includes  both  ship  and 
wind  generated  spray . 


Icing  due  to  supercooled  fog,  the  most  prevalent  cause  of  aircraft 
icing,  is  relatively  non-existent  on  ships.  Supercooled  fog  over  the  ocean 
is  confined  to  the  areas  north  of  60" N latitude  and  south  of  60°S  latitude. 
The  period  most  likely  to  have  supercooled  fog  is  from  November  to  February, 
inclusive,  with  Eecember  having  the  highest  probability.  During  this  four- 
month  period,  supercooled  fog  can  be  expected  to  occur  on  approximately 
lU  to  18  non- consecutive  days.^  Inquiries  made  of  U.S.  Naval  and  private 
vessels,  as  well  as  of  vessels  operated  by  foreign  nations  that  frequent 
this  area,  substantiate  this  observation. 


Table  1 is  a compilation  of  the  hydrometeorological  conditions  conducive 
to  icing  from  six  of  the  reports  reviewed.  Taking  the  extremes  of  these 
gives  uhe  range  of  values  within  which  icing  will  most  likely  occur.  Heavy 
icing  generally  occurs  with  air  temperatures  between  -1.0°C  and  -l8.0°C, 
water  temperatures  close  to  0°C  and  winds  above  9 meters/sec.  Air 
temperatures  below  -l8.0°C  will  cause  the  spray  droplets  to  freeze  before 
striking  the  ship  and  they  do  not  adhere  to  the  structiire. 


Two  types  of  ice  are  prevalent  on  ships  — rime  and  glaze.  Rime  ice 
is  generally  foiind  higher  on  the  structure  of  the  ship.  This  is  due 
primarily  to  the  fact  that  they  are  formed  by  small  supercooled  droplets 
that  are  carried  higher  and  freeze  instantaneously  on  impact.  Glaze  ice 
will  form  where  there  are  large  amounts  of  water  taken  on  board.  This 
water  may  be  in  the  form  of  large  supercooled  drops  or  coarse  "green" 
water.  Because  of  the  relatively  slow  freezing  of  these  large  drops,  they 
tend  to  spread  while  freezing  and  form  large  sheets  of  ice  with  more 
adhesive  power.  Higher  air  temperatures  generally  result  in  glaze  ice  but 
rime  ice  can  occur  at  any  temperature  in  the  range. 

Keeping  the  above  in  mind,  it  would  seem  that  MGT  demisters,  if  placed 
in  a relatively  protected  area  on  the  structure,  would  be  exposed  only  to 
a rime  type  of  ice.  This  would  be  due  to  the  torturous  route  that  the 
airflow  would  have  to  follow  to  reach  the  demister.  This  path  would  act 
as  an  inertial  separator  and  only  those  smaller  droplets  that  could  negotiat 
the  route  would  impact  on  the  demister.  Glaze  ice,  as  well  as  rime  ice,  is 
more  likely  to  occur  on  inlets  that  are  located  outboard  on  the  structiire 
where  large  droplets  and  gross  sea  water  could  impinge  on  the  demister. 


K.  T.  Swan 
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TABLE  1 

HYDROMETEOROLOGICAL  CONDITIONS  CONDUCIVE  TO  ICING 


OAT 

SEA  TEMP 

WIND 

SEA  * 

REFERENCE  ^ 

mSsuSBKKKi 

Slightly  > O'C 

> 9 m/sec 

- 

7 

Lower  Limit 
of  -18°C 

- 

- 

15 

- 

8°C  to  -2°C 

> 8 m/sec 

- 

10 

-5.8°C  to 
_ -12.2°C 

2°C  to  -1.4''C 

9 m/sec  to 
_1^.6  m/^ec  _ 

- 

1962 

9 

-rc  to 
-7.3°C 

2.4“C  to  -0.4'’C 

9.7  m/sec  to 

1963 

-1°C  to 
-14°C 

3°C  to  -1..8°C 

>9.3  m/sec 

- 

6 

-2°C  to 
-7°c 
-4'C  to 
-1U°C 

0°C  to  -2.5'C 
2°C  to  -3“C 

^4.4  m/sec 
>4.4  m/sec 

1.8  in  to 
2.4  m 
0.30  m to 
3.6  m 

4 

‘•‘Wave  height 
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APPENDIX  C 


BI-VARIATE  FREQUENCY- OF- OCCURRENCE  OF  ICING  CONDITIONS 


FOR  NORTH  ATLANTIC  BASIN  BY  MONTH 


NOTE:  Upper  number  denotes  percentage  frequency 

of  total  observations  that  meet  criteria. 
Lower  number  denotes  total  observations. 
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FICtUHE  1C:  Bi-Variate  Frequency- of-Occurrence  of  Icing 

Conditiona  for  North  Atlantic  Basin 
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FIGURE  2C; 

Bi-Variate  Frequency-of-Occurrence  of  Icing 
Gonditiona  for  North  Atlantic  Baain 
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FIGURE  4C;  Bi- Variate  Frequency- of-Occurrence  of  Icing 

Conditions  for  North  Atlantic  Basin 
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FIGURE  5C:  Bi-Variate  Frequency- of-Occurrence  of  Icing  

Conditions  for  North  Atlantic  Basin 
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FIGURE  8C;  Bi- Variate  Frequency- of-Occurrence  of  Icing 
Conditions  for  North  Atlantic  Basin 
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FIGURE  9C:  Bi-Variate  Frequency-of-Occurrence  of  Icing 

Conditions  for  North  Atlantic  Basin 
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FIGURE  IOC-  Bi-Variate  Frequency-of-Occurrence  of  Icing 
Conditions  for  North  Atlantic  Basin 
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' FIGURE  12C:  Bi- Variate  Frequency-of-Occurrence  of  Icing 

I Conditions  for  North  Atlantic  Basin 
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FIGURE  4D:  Multi-Variate  Frequency- of-Occurrence  of 

Icing  Conditions  for  North  Atlantic  Basin 
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FIGURE  6D:  Multi-Variate  Frequency- of-Occurrence  of 

Icing  Conditions  for  North  Atlantic  Basin 
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FIGURE  9D:  Multi-Vax-iate  Frequency- of-Occurrence  of 

Icing  Coniiitions  for  North  Atlantic  Basin 
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FIGUBE  lOD;  Multi-Variate  Frequency-of-Occurrence  of 
Icing  Conditions  for  North  Atlantic  Basin 
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FIGURE  IE:  Frequency-of-Occurrence  Distribution  Maps 

of  Freezing  Air  Temperatures 
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FIGURE  2E:  Frequency- of-Occurrence  Distribution  Maps 

of  Freezing  Air  Temperatvires 
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FIGURE  3E:  Frequency-of-Occurrence  Distribution  Maps 

of  Freezing  Air  Temperatures 
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FIGURE  6E;  Frequency-of-Occurrence  Distribution  Maps 
Cf  Freezing  Air  Temperatures 

’ 70“  60“  50“  40“  30“  20“  10“  0“  10“  20“  30“  4< 

j I 1 I ^ Longitude  I I I I ! 


908  90' 


905  904  enr  h02  901  936  935  934  933 


V 

1 

Ik 

1 

h¥— 

1 

1 

i 

. 1 

! 

1 

-liri 

< 

c 

t 

1 

1 

i 

1 

-64 

1 

1 

1 5 

-t 

121  2 

. 

23£ 

t 

O'’. 

-O' 

^1 

1 : 
i 
i 

1 

10 

o 1 

'1? 

< 

O 1 

1 

1 

'7 

1 

Oi 

1 

'5  1 

iro  1 

>24 

rS  r 1 

1 

Tit 

r 
^ 

27 

^6 

15 

6 

-^1 

2 

2 

2 

2 

j 

i 

1 

S' 

gr  n 
^ < 

u 

X 

JU 

rA~ 

1 

-O  -J 

_tj 

ia 

— Ij 

1 

o 

JO 

T 

8 

1 

1 

_J 

l‘+ 

1 1 

J ' 

1 

1 

1 

1 < 

pu 

1 

d 

V 

y 

^ 8 

M 

10 

1 

-Q— 

1 

— i— #1 

i 

Q 

1 

1 

4 - 

4- 

1 

1 

tS 

■ 1 r 

1 

\r\  1 

1 

\ 

L-c»r\ 

7^ 

4 

1 ^ 

1 

y 

o 

1 i 

i/ 

16 

J /■ 

i 

1 ti 

?s-s 

h'dj 

e;  . 

1 -1 

A-  - 

1 

1 i 

1 1 

1 1 

1 

1 

-A- 

r3l]« 

r~ 

nri 

fio  ^ 

1 i-rf^ 

nn 

1 1 

j 

1 1 

L. 

I 1 

I 

1 

r 

-ft 

r- 

n%T 

1 

079 

078 

077 

076 

075 

5 

073 

108  ; 

107 

106 

043 

042 

041 

C 

10 ! 

039 

0B8 

1 037 

072  ( 

D71  ( 

370 

FEBRUARY 

Air  Temp,:  -3°C  to  -6°C 


Latitude 


NAPTC-PE-114 


FIGURE  9E:  Frequency- of-Occurrence  Distribution  Maps 

of  Freezing  Air  Temperatures 
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